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already	 known	 to	 have	 relatively	 high	 localizability	 (the	 ease	 with	 which	 their	 location	 is	
identified)	 when	 tested	 alone	 were	 tested	 in	 six	 conditions	 where	 workload	 was	 varied.	
Participants	were	required	to	indicate	the	location	of	a	series	of	alarms	emanating	at	random	
from	one	of	 eight	 speaker	 locations.	Additionally,	 they	were	asked	 to	 read,	 carry	out	mental	




a	 primary	 task	 in	 an	 area	where	 there	 is	 little	 data.	 In	 addition,	 the	 data	 demonstrates	 that	
performance	 in	 the	 control	 condition	 results	 in	 a	 missed	 alarm	 on	 one	 in	 ten	 occurrences,	
whereas	performance	 in	 the	heaviest	workload	conditions	 results	 in	a	missed	alarm	on	every	























































































































































































































































































































































	 Speaker	Position	 M	 SD	
		 	 	
	 1	 .90	 (.30)	
	 2	 .90	 (.30)	
	 3	 .77	 (.42)	
	 4	 .83	 (.38)	
	 5	 .76	 (.43)	
	 6	 .74	 (.44)	
	 7	 .80	 (.40)	















Control	 	 *	 *	 **	 ***	 ***	
Noise	 	 	 	 ***	 ***	 ***	
Reading	 	 	 	 **	 ***	 ***	
Maths	 	 	 	 	 ***	 ***	
Noise	+	
reading	
	 	 	 	 	 	
Noise	+	
maths	






Speaker	 1	 2	 3	 4	 5	 6	 7	 8	
1	 	 	 **		 **	 **	 **	 **	 *	
2	 	 	 **	 **	 **	 **	 **	 *	
3	 	 	 	 **	­	 	 	 	 **­	
4	 	 	 	 	 **	 **	 	 	
5	 	 	 	 	 	 	 	 **­	
6	 	 	 	 	 	 	 **­	 **­	
7	 	 	 	 	 	 	 	 **­	
8	 	 	 	 	 	 	 	 	
	
Table	7:	Significant	differences	between	speaker	conditions.	For	all	comparisons	
performance	for	the	speaker	indicated		in	the	left-hand	rows	is	higher	than	the	speaker	
indicated	in	the	columns,	except	where	there	is	a	­	indicating	that	performance	for	the	
speaker	in	the	column	was	higher.	*			p	<	0.05,	**	p	<	0.001	
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Other	comparisons	
For	this	study	we	were	particularly	interested	in	the	relationship	between	the	tasks	
and	the	speakers,	and	only	secondarily	interested	in	the	individual	sounds	themselves	as	
they	are	a	set	with	a	particular	design	remit	and	behave	in	slightly	different	ways	from	one	
another.	A	6	x	8	Condition	x	Sound	ANOVA	demonstrated	a	statistically	significant	main	
effect	for	condition	[F	(5,	12432)	=	44.13,	p	<	.001],	a		main	effect	for	sound		[F	(7,	
12432)	=	6.07,	p	<	.001]	and	a	statistically	significant	interaction	between	these	two	[F	
(35,	12432)	=	2.14,	p	<	.001].	
An	8	x	8	Speaker	x	Sound	revealed	a	statistically	significant	main	effect	for	sound	
[F	(7,	12416)	=	8.38,	p	<	.001],	a	statistically	significant	main	effect	of	speaker	[F	(7,	
12416)	=	39.81,	p<	.001],	as	well	as	a	significant	interaction	between	them	[F	(49,	
12416)	=	2.20,	p	<	.001].	These	effects	are	interesting	from	an	alarm	design	point	of	
view	but	not	central	to	the	arguments	presented	in	this	paper.	
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DISCUSSION	
	 Our	results	are	interesting	both	in	terms	of	relative	performance	(the	way	in	which	
performance	varied	with	condition	and	speaker)	and	absolute	performance	(the	overall	
localization	rate).	Our	results	show	that	as	load	(workload)	increases,	performance	on	the	
localization	task	declines.	This	is	not	surprising	and	would	be	expected	for	almost	any	task	in	
which	the	burden	for	the	participant	varies.	The	results	obtained	show	that	the	easiest	task	
was	the	localization	of	the	alarms	without	any	secondary	burden,	as	would	be	expected.	The	
degradation	in	performance	on	the	localization	task	was	approximately	equivalent	(not	
statistically	different)	for	the	ICU	noise	and	the	reading	conditions,	suggesting	that	they	
provide	similar	levels	of	disruption.	Of	course,	had	the	noise	been	louder	or	quieter	that	
would	have	rendered	the	localization	task	harder	or	easier		–	if	the	noise	had	masked	the	
alarms	this	would	have	made	the	task	very	much	harder,	but	our	aim	in	this	task	was	to	
provide	a	reasonable	level	of	realistic	noise	where	that	noise	performed	as	a	stressor	rather	
than	a	masker.	Our	results	show	that	the	presence	of	noise	leads	to	some	decline	in	
performance	relative	to	there	being	no	noise.	
	 Performance	in	the	localization	task	dropped	significantly	further	in	the	
mathematics	task,	and	then	further	in	the	two	conditions	where	participants	were	
expected	to	carry	out	two	tasks	in	addition	to	the	localization	task,	again	demonstrating	
that	as	workload	increased,	performance	in	the	localization	task	decreased.	That	the	
mathematics	task	led	to	more	decline	than	the	reading	task	might	be	due	to	the	fact	
that	participants	had	to	engage	more	in	the	mathematics	task	–	they	had	to	write	down	
the	answers	–	than	they	did	in	the	reading	task.	It	would	be	interesting	to	see	how	a	
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different	kind	of	verbal	task,	such	as	talking,	might	affect	performance	(see	Edworthy	et	
al,	2013).	One	key	take-home	message	from	our	study	is	that	whereas	the	performance	
level	in	the	control	condition	represented	the	missing	of	one	in	ten	alarms,	in	the	most	
difficult	conditions	(noise	and	a	reading	or	arithmetic	task),	performance	had	dropped	
to	the	missing	of	one	in	four	alarms.	Increasing	workload	of	itself	therefore	affects	
people’s	ability	to	locate	the	direction	of	an	alarm	sound.		
	 We	did	not	ask	participants	how	many	alarms	they	thought	they	had	heard	
during	the	study,	nor	did	we	probe	them	further	when	an	alarm	sounded	but	no	
response	was	given.	Thus	we	do	not	know	in	this	study	whether	missed	or	wrongly	
identified	alarms	were	due	to	an	attentional	failure	in	an	inattentional	deafness	sense,	
or	that	participants	made	more	errors	in	the	task,	though	our	data	suggests	a	
combination	of	both.	We	do	not	anticipate	that	alarms	were	masked	by	the	noise	
(where	participants	were	exposed	to	noise)	because	of	the	way	the	speakers	were	set	
up,	and	our	piloting	of	the	study	suggested	that	alarms	coming	from	all	eight	speakers	
were	audible.		
Another	striking	feature	of	these	results	in	comparison	to	those	of	Edworthy	et	
al	(2017)	is	that	performance	even	in	the	‘ICU	noise	+	…’	conditions,	people’s	
performance	in	localizing	these	alarms	was	no	worse	than	their	ability	to	localize	the	
current	IEC	alarms	when	no	secondary	tasks	were	involved.	Thus	our	second	important	
take-home	message	is	that	the	alarms	being	benchmarked	in	this	study,	which	are	
intended	for	incorporation	in	a	future	standard,	because	they	are	designed	better	and	
are	a	priori	easier	to	localize,	have	such	a	premium	in	terms	of	improved	localizability	
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that	they	perform	at	the	same	level	as	the	current	alarms	only	when	heard	both	in	noise	
and	when	participants	are	trying	to	either	read	or	do	calculations.	We	consider	this	a	
significant	premium	and	feel	it	demonstrates	the	extent	to	which	the	design	of	the	
alarm	can	ease	the	task	of	the	hearer.		
	 The	data	for	the	individual	speakers	is	similar	for	that	obtained	by	Edworthy	et	
al	(2017)	in	that	performance	generally	declined	as	the	sound	moved	from	the	front,	
around	the	side	and	the	back	of	the	participant	and	then	improved	again	as	the	sound	
moved	towards	the	front	of	the	participant	(though	performance	was	better	overall	for	
Speaker	4	than	a	speaker	further	forward,	3).	This	pattern	of	performance	is	typical	for	
a	detection	task	and	though	there	is	an	interaction	between	speaker	and	task	this	
interaction	is	of	modest	size,	with	the	general	pattern	of	our	previous	study	still	clear	
(Figure	1).		
	 In	summary,	our	results	add	to	the	very	small	body	of	literature	showing	
how	workload	can	influence	the	ease	with	which	the	location	of	a	sound	can	be	
identified,	and	adds	to	the	understanding	of	‘alarm	fatigue’	in	terms	of	variables	
which	can	influence	people’s	ability	or	capability	in	detecting	audible	alarms.		
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HIGHLIGHTS	
	
	
	
• This	paper	is	one	of	very	few	studies	showing	the	effect	of	workload	on	people’s	ability	
to	localize	sound	
• Increased	workload	increases	people’s	tendency	to	mislocate	auditory	alarms	
• The	effect	of	adding	two	tasks	to	a	control	condition	is	to	increase	the	miss	rate	from	1	
in	10	alarms	to	1	in		4
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